Alzheimer disease is characterized by extracellular ␤-amyloid (A␤) plaques and intracellular inclusions containing neurofibrillary tangles of phospho-Tau and intraneuronal A␤ associated with neuronal cell death. We generated a novel gene transfer animal model using lentiviral A␤ 1-42 that resulted in intracellular but not extracellular A␤ accumulations in the targeted rat primary motor cortex. Expression of intracellular A␤ 1-42 led to pathological changes seen in human Alzheimer disease brains, including cell death, inflammatory signs, activation of two Tau kinases, and Tau hyperphosphorylation. Promoting clearance of lentiviral A␤ 1-42 reversed these effects, demonstrating that intraneuronal A␤ 1-42 is a toxic peptide that lies upstream of Tau modification. These studies reveal the role of intracellular A␤ 1-42 in a novel gene transfer animal model, which is a useful tool to study intraneuronal A␤ 1-42 -induced pathology in the absence of extracellular plaques. Targeted delivery of A␤ will allow speedy delineation of pathological mechanisms associated with specific neurodegenerative lesions.
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Alzheimer disease (AD)
2 is the leading cause of dementia in the aging population. AD is characterized by widespread degeneration in the association cortices and the limbic system (1) accompanied by ␤-amyloid (A␤) deposition (2) (3) (4) , the formation of intracellular neurofibrillary tangles of the Tau protein (5) , and neuronal loss (6) . A␤ and A␤ are produced intracellularly, and intraneuronal A␤ accumulates in the brain of individuals with AD (7) (8) (9) (10) (11) . Both intracellular A␤ and extracellular oligomeric A␤ have been implicated in AD pathology, but intracellular oligomeric species may act in the earlier stages of disease (12, 13) . A␤ is produced intracellularly via the endosomal system and secretory pathways (14, 15) . In AD, endosomes in the pyramidal neurons are significantly bigger than control (16) , and endocytic alterations can even happen before clinical symptoms and accumulation of extracellular A␤ deposits (17) . In primary cultures of neurons overexpressing ␤-amyloid precursor protein, accumulation of intraneuronal A␤ induces neuronal apoptotic cell death (18) . These findings suggest a crucial role for intracellular A␤ in the early stages of AD.
Some studies showed that Tau is required for A␤ to mediate detrimental effects, including toxicity in cell culture (19) and learning and memory impairments in amyloid precursor protein mice (20) . Intracellular A␤ 1-42 accumulation precedes Tau pathology in triple transgenic mice exhibiting both plaque and tangle pathologies (13, 21) , whereas ␤-amyloid pathology alone exacerbates Tau pathology (22) . Removal of A␤ significantly reduces Tau hyperphosphorylation in rodents (21, 23) . These findings suggest a complex relationship between Tau and A␤ pathology in AD and other tauopathies.
AD neuropathological changes also include astrogliosis and microglial cell proliferation (24 -27) . Astrocytes and microglia are activated in areas of the brain affected by amyloid plaques and Tau pathology accompanied by alteration of the levels of pro-and anti-inflammatory mediators, cytokines, chemokines, oxygen free radicals, and other inflammatory molecules (27) (28) (29) (30) . Pro-inflammatory cytokines, tumor necrosis factor (TNF-␣) and interleukin-1␤, are elevated in microglia of brains from AD patients (31, 32) and transgenic mice (33) . These various inflammatory responses may contribute to the clinical symptoms of AD.
We generated a novel and simple animal model using lentiviral expression of A␤ . This model demonstrates intraneuronal A␤ , and we tested the in vivo effects of this particular AD pathology. We hypothesized that intracellular A␤ 1-42 lies upstream of other major histopathological changes such as degenerative cell death and Tau phosphorylation.
EXPERIMENTAL PROCEDURES
Stereotaxic Injection-Lentiviral constructs were used to generate the animal models as explained in Ref. 34 . The identity of the A␤ species generated was confirmed by mass spectrometry (34) . Stereotaxic surgery was performed to inject the lentiviral constructs encoding parkin and A␤ into the M1 primary motor cortex of Sprague-Dawley rats weighing between 170 and 220 g. All animals were anesthetized (50 mg/kg of body weight) with a mixture of ketamine and xylazine (50:8) . The stereotaxic coordinates for the primary motor cortex were 2.8 mm lateral, 3.2 mm ventral, 2.7 mm posterior. Viral stocks were injected through a microsyringe pump controller (Micro4) using total pump (World Precision Instruments, Inc.) delivery of 6 l at a rate of 0.2 l/min. The needle remained in place at the injection site for an additional minute before slow removal over a period of 2 min. Animals were injected into one side of Western Blot Analysis-Either 2 or 4 weeks after injection, brain tissues were homogenized in 1ϫ STEN buffer (50 mM Tris (pH 7.6), 150 mM NaCl, 2 mM EDTA, 0.2% Nonidet P-40, 0.2% bovine serum albumin, 20 mM phenylmethylsulfonyl fluoride, and protease mixture inhibitor) and centrifuged at 10,000 ϫ g for 20 min at 4°C, and the supernatant containing the soluble fraction of proteins was collected. The supernatant was analyzed by Western blot on SDS NuPAGE 4 -12% Bis-Tris gel (Invitrogen). Protein estimation was performed using the Bio-Rad protein assay (Bio-Rad Laboratories Inc.). Parkin and A␤ were immunoprobed as indicated (34) . Total AKT was probed with monoclonal (1:1000) antibody (BIO-SOURCE), and p-AKT at serine 473 was probed (1:1000) with polyclonal antibody (BIOSOURCE). Total GSK-3␤ was probed (1:1000) with monoclonal antibody (BIO-SOURCE), and p-GSK-3␤ at tyrosine 216/279 was probed (1:1000) with polyclonal antibody (BIO-SOURCE). CDK5 was probed (1:1000) with monoclonal antibody (BIOSOURCE), and p-CDK5 at tyrosine 15 was probed (1:1000) with polyclonal antibody (Santa Cruz Biotechnology, Inc.). Total Tau was probed (1:1000) with Tau-15 monoclonal antibody (Chemicon), and phosphorylated Tau was probed (1:1000) with epitopes against polyclonal serine 396 (Chemicon), polyclonal AT8 (1:1000) serine 199/202 (BIO-SOURCE), polyclonal (1:1000) serine 262 (Affinity BioReagents), AT180 polyclonal (1:1000) threonine 231(BIOSOURCE), and AT270 polyclonal (1:1000) threonine 181 (BIOSOURCE). ␤-Actin was probed (1:1000) with polyclonal antibody (Cell Signaling Technology). TNF-␣ was probed with (1:1000) anti-TNF-␣ rabbit antibody (Serotec), and iNOS was probed with (1:1000) anti-iNOS/ NOS rabbit antibody (BD Transduction Laboratories).
Western blots were quantified by densitometry using Quantity One 4.6.3 software (Bio-Rad). Densitometry was obtained as arbitrary numbers measuring band intensity. At least n ϭ 4 was used in each group and the data were analyzed as mean Ϯ S.D. and statistical comparison of variables was obtained by ANOVA with Newman Keuls multiple comparison test, p Ͻ 0.05. The ratio of phosphorylated to total proteins in LacZtreated animals was standardized to 1, and other treatments were compared relative to LacZ.
Immunocytochemical and Histological Analysis of Brain Sections-Immunohistochemistry was performed on 20-mthick brain sections and compared between different treatment conditions. A␤ 1-42 was probed (1:200) with rabbit polyclonal specific anti-A␤ 1-42 antibody (Zymed Laboratories Inc.) followed by diaminobenzidine staining. Active caspase-3 was probed (1:200) with polyclonal antibody (Millipore Corp.). Glial fibrillary acidic protein (GFAP) was probed (1:200) with monoclonal antibody (Millipore Corp.), and microglia was probed (1:200) with IBA-1 polyclonal antibody (Wako). Further staining was performed to assess neural disintegrative degeneration in animal models using the FD NeuroSilver TM staining kit II (FD NeuroTechnologies, Inc., Baltimore, MD), which provides high contrast and rapid silver staining for the microscopic detection of neuronal and fiber degeneration in vivo. Total cell counts in cortical subfields were obtained by a blinded investigator using unbiased stereology analysis (Stereologer, Stereology Resource Center, Chester, MD). A minimum of six 20-m sections were analyzed from 400 m in each direction from the injection site in the ipsilateral area and an equivalent size area within the same region in the contralateral area. The multilevel sampling design in the Stereologer software, based on the optical fractionator sampling method, was used to estimate positive cell numbers (detected by cells positive for GFAP, IBA-1, silver, and caspase-3).
Graphs and Statistics-All graphs and statistical analyses were performed in GraphPad Prism software (GraphPad Software, Inc.). All statistics were performed using ANOVA with Newman Keuls multiple comparison test and p Ͻ 0.05 statistically significant. All studies were performed with n ϭ 4. Expression-We generated a lentivirus for expression of A␤ to study the role of intracellular A␤ 1-42 on rat brain pathology. This lentivirus contains the A␤ 1-42 sequence fused to a signal peptide (Fig. 1A) . We injected this lentivirus into the M1 rat primary motor cortex (34) , and the animals were sacrificed 2 weeks after gene delivery. To delineate the distribution and expression of lentiviral A␤ 1-42 , we examined ϳ3.6 mm on either side of the injection area (Fig.  1, B and C) , using immunohistological assessment of A␤ expression in serial brain sections. Strong A␤ 1-42 staining was observed around the injection site within the cerebral cortex with no detectable A␤ in the corpus callosum or other brain regions (Fig. 1A) . Robust staining was still observable at ϳ2 mm away from either side of the injection area (Fig. 1, C and D) . Staining completely faded at ϳ3 mm in either direction of the injection site (Fig. 1, E and F) , indicating that the lentiviral A␤ 1-42 is expressed within an ϳ4 -5-mm range of the cerebral cortex. Expression of lentiviral A␤ was observed in the ipsilateral cortex (Fig. 1H ) but completely absent from the contralateral cortex (Fig. 1G) . We did not observe extracellular A␤ deposits 2-4 weeks after injection of this A␤ lentivirus.
RESULTS

Distribution of A␤
Lentiviral A␤ Expression Causes Neuronal DegenerationAccumulation of intracellular and extracellular A␤ is associated with neuronal death in experimental models and AD brains. To examine whether intracellular A␤ 1-42 causes cell death, we analyzed the injected cortex for active caspase-3 and silver staining of degenerating neurons. Expression of A␤ was intraneuronal in the ipsilateral cortex (Fig. 2B ) when compared with the contralateral cortex ( Fig. 2A) . A higher magnification of intraneuronal A␤ 1-42 revealed a punctuate pattern of A␤ (Fig. 2C) . Expression of A␤ 1-42 2 weeks after injection was associated with caspase-3 activation in the ipsilateral cortex (Fig. 2E) when compared with the contralateral cortex (Fig. 2D) . Accumulation of intracellular A␤ 1-42 was paralleled by silverstained neurons in the ipsilateral (Fig. 2G) but not the contralateral cortex (Fig. 2F) , which indicate degenerative cell death (Burns et al. (34) ). Quantification of positive stains using stereological counting methods revealed a significant 4-fold increase (p Ͻ 0.05) in both silver-stained and active caspase-3 neurons (Fig.  2H ). These data demonstrate that intracellular A␤ 1-42 may promote caspase-3 activation and degenerative cell death.
Lentiviral A␤ Promotes Inflammatory Responses-We tested whether expression of intracellular A␤ leads to changes in astrocytes and microglia, which undergo morphological changes in response to inflammatory stimuli in the central nervous system. Two weeks after injection, an increase in GFAP labeling was observed in the ipsilateral site (Fig. 3B) when compared with the contralateral area (Fig. 3A) . Changes in brain microglia, as revealed by immunoreactivity to IBA-1 antibody that detects microglia (Fig. 3, C and D) , were not evident. Quantification of GFAP-and IBA-1-positive cells using stereological counting methods revealed a significant (29%, p Ͻ 0.05) increase in astrocytes in the ipsilateral area (Fig. 3E) , but no significant changes were observed in microglia (Fig. 3E) . Assessment of inflammatory molecules, including TNF-␣, showed a significant increase (110%) in TNF-␣ in animal brains injected with A␤ 1-42 when compared with LacZ-injected brains (Fig. 3, F and G) . A␤ 1-42 -injected brains also showed a significant increase (98%) in iNOS when compared with LacZ animals (Fig. 3, F and G) . The observed changes in astrocytes and microglia demonstrate that the intraneuronal A␤ and cell death after lentiviral A␤ 1-42 expression lead to increased inflammation 2 weeks after injection.
Lentiviral A␤ Activates Signal Transduction PathwaysWe tested whether lentiviral A␤ 1-42 activates signal transduction pathways, involving kinases that affect cell death or survival. We analyzed brain homogenates by Western blot with antibodies against either total or phosphorylated AKT, GSK-3␤, and CDK5. Phosphorylated forms of each of the enzymes indicate activated kinases. We previously demonstrated the ability of parkin to clear intraneuronal A␤ in this animal model (34), so we also tested whether clearance of A␤ would mitigate its effects on kinases (34) . No significant changes in either phosphatidylinositol 3-kinase (data not shown) or phospho-AKT (Fig. 4 , A and C) levels were observed in the brain of the gene transfer animal model. One month after injection, a significant increase (70%) in GSK-3␤ activity (Fig. 4 , A and C) was detected in the brains of animals injected with lentiviral A␤ 1-42 when compared with either control or parkininjected brains (n ϭ 4, p Ͻ 0.05). Parkin mitigated the effects of A␤ 1-42 on GSK-3␤ activity, as the ratio of phospho-GSK-3␤ at Tyr-216 and total GSK-3␤ indicates (Fig. 4, A and C) . Similarly, a significant increase in CDK5 phosphorylation at Tyr-15 (120%) was observed in A␤ 1-42 -injected brains (Fig. 4, B and C) when compared with either control or parkin brains (p Ͻ 0.05, n ϭ 4). Parkin also abrogated the effects of A␤ 1-42 on CDK5 phosphorylation (Fig. 4, B and C) . These data indicate that lentiviral A␤ activates two independent kinase pathways, CDK5 and GSK-3␤, but not the AKT pathway, whereas clearance of A␤ 1-42 via a parkin-mediated pathway results in restoration of these pathways.
Disturbance of Tau Metabolism in A␤ Gene Transfer Animals-We tested whether accumulation of intracellular A␤ 1-42 lies upstream of hyperphosphorylated Tau pathology. We probed brain homogenates from lentivirus-injected cortices for several Tau epitopes using Western blotting and immunohistochemistry. No changes in total Tau were observed at 2 weeks after injection (data not shown) or 4 weeks after injection (Fig. 5A ). There were no changes in phosphorylation of Tau Ser-262 or Thr-181 (Fig. 5A) . A significant increase (30%) in Tau phosphorylation was detected at Ser-396 (Fig. 5, A and B) in brains injected with A␤ 1-42 when compared with either control or parkin brains (p Ͻ 0.05, n ϭ 4). Parkin co-expression reversed the effects of A␤ 1-42 on Tau (Fig. 5, A and B) . Lentiviral A␤ 1-42 also led to a significant increase in Tau phosphorylation at Thr-231 (120%) and Ser-199/202 (250%) when compared with control or parkin brains (Fig. 5, A and B) . Parkin again counteracted the effects of intraneuronal A␤ 1-42 on Tau modification (Fig. 5, A and B) . These data indicate that intracellular A␤ lies upstream of Tau pathology in this novel animal model and leads to alteration in Tau metabolism.
DISCUSSION
We generated a novel gene transfer animal model that results in the accumulation of intracellular A␤ . The accumulation of A␤ in this model was defined by immunohistochemistry, enzymelinked immunosorbent assay, and A␤ 1-42 -derived fragments by mass spectrometry (34) . We used this model to test whether accumulation of intracellular A␤ , in the absence of extracellular plaque, led to other AD-like pathological changes. We observed vesicular intracellular A␤ accumulation (14, 15) . The cell death we observed (detected by active caspase-3 and silver staining) as a result of A␤ expression suggests that intracellular, like extracellular, A␤ can lead to degenerative cell death, which plays a crucial role in cell death in the presence of A␤ deposits and neurofibrillary tangles in AD and other neurodegenerative diseases (12, 36, 37) . Extracellular A␤ causes an increase in active caspase-3 staining in neurons in culture, involving activator p35 (38) , consistent with our data showing cleaved caspase-3 and activated CDK5 in response to A␤ 1-42 expression. Previous reports indicated intraneuronal A␤ 1-42 aggregation in 5XFAD transgenic mouse brains, along with CDK5 activation and neurodegenerative death (39) . In addition to increased neuronal death in this lentiviral model, we also observed evidence of strong astrogliosis and increased inflammation, consistent with previous findings showing strong reactive astrogliosis and neuronal loss in AD transgenic models accumulating intraneuronal A␤ in the absence of extracellular deposits (40) . Taken together, these data suggest that in vivo intraneuronal A␤ 1-42 is a contributing factor to cell death as well as reactive gliosis.
A significant increase in kinase activities was observed in the presence of A␤ , consistent with previous reports showing that amyloid proteins increase the activity of kinases (35) . Several investigators showed that A␤ activates GSK-3␤ through impairment of phosphatidylinositol-3 kinase/AKT signaling and induces Tau hyperphosphorylation, neurofibrillary tangle formation, neuronal death, and synaptic loss in animal models (41) . No changes in the activity of either phosphatidylinositol 3-kinase or AKT were detected in this animal model, but a significant increase was observed in GSK-3␤ activity. This increase was paralleled by activation of CDK5, another kinase activated in AD (42, 43) . CDK5 undergoes post-translational phosphorylation to become activated (44) . Taken together, these data suggest that A␤ activates two independent kinase pathways, GSK-3␤ and CDK5, known to be activated in AD.
We observed that lentiviral A␤ increased CDK5 and GSK-3␤ activities in this model. Tau hyperphosphorylation at Thr-212, Ser-202, Ser-396, and Ser-404 is found in paired helical filaments in AD brains (42, 45) . Reduction in A␤ 1-42 levels leads to GSK-3␤ inactivation and prevents Tau phosphorylation in vivo and in vitro (21, 23 ). An increase in CDK5 immunoreactivity is also observed in pretangle neurons and in neurons bearing early stages of neurofibrillary tangles, suggesting that CDK5 is involved in the formation of neurofibrillary tangles at a relatively early stage in AD pathogenesis (46, 47) .
The array of pathological changes seen in our lentiviral A␤ 1-42 model has led us to hypothesize that intracellular A␤ 1-42 pathology causes kinase activation, hyperphosphorylation of Tau, neuronal loss, and glial activation. Removal of ␤-amyloid deposits has been extensively explored in transgenic AD models, and development of treatments has focused on increasing A␤ clearance (48 -50) . Several strategies have been used to degrade or remove A␤, including immunization with A␤ 42 (49) and insulin treatment (48) , although these studies focus on extracellular A␤ . We previously demonstrated that intracellular A␤ can be metabolized through a ubiquitin-proteasome pathway (34); co-expression of the ubiquitin ligase parkin reduced A␤ , reversed the effects of ␤-amyloid on Tau kinases, and prevented Tau hyperphosphorylation in human SH-SY5Y neuroblastoma cells. The data suggest that strategies to remove intracellular A␤ would prevent many types of AD pathological changes. The studies demonstrate the utility of a simple lentiviral transfer model for A␤ , resulting in intracellular A␤ . This animal model is a very useful tool to study A␤ 1-42 -induced pathology in the absence of extracellular amyloid plaques. Gene delivery into targeted brain regions may be a strategic step to delineate pathological mechanisms of specific A␤ species and control gene expression and dose, as well as reverse the effects of gene expression via regulation of protein degradation or removal.
